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Microwave photonic systems are compelling for their ability to process signals at high frequencies and over extremely
wide bandwidths as a basis for next generation communication and radar technologies. However, many applications also
require narrow-band (∼MHz) filtering operations that are challenging to implement using optical filtering techniques,
as this requires reliable integration of ultra-high quality factor (∼ 108) optical resonators. One way to address this
challenge is to utilize long-lived acoustic resonances, taking advantage of their narrow-band frequency response to
filter microwave signals. In this paper, we examine new strategies to harness a narrow-band acoustic response within a
microwave-photonic signal processing platform through the use of light-sound coupling. Our signal processing scheme
is based on a recently demonstrated photon-phonon emitter-receiver device, which transfers information between the
optical and acoustic domains using Brillouin interactions, and produces narrow-band filtering of a microwave signal.
To understand the best way to use this device technology, we study the properties of a microwave-photonic link using
this filtering scheme. We theoretically analyze the noise characteristics of this microwave-photonic link, and explore
the parameter space for the design and optimization of such systems.
As we seek to utilize an ever-increasing portion of the
electromagnetic spectrum for next generation communica-
tions and radar systems, microwave-photonic signal process-
ing platforms show great promise for their ability to manip-
ulate signals at high frequencies and over extremely wide
bandwidths1–3. Rapid progress in the field of silicon photonics
has also enabled the integration of high-speed modulators4,5,
amplifiers6–8 and detectors9 with electronic and photonic
circuitry10–13, opening the door to miniaturization of radio-
frequency (RF) photonic circuits having signal processing
performance that is competitive with established microwave
technologies14,15. However, it remains challenging to im-
plement narrow-band filtering using all-optical techniques, as
ultra-low loss waveguides are needed to store signals for long
periods of time16–18.
Narrow-band filtering operations can also be realized by ac-
cessing long-lived acoustic phonons through stimulated Bril-
louin scattering (SBS), a nonlinear three-wave interaction that
produces coupling between optical waves and GHz-frequency
elastic waves. While Brillouin interactions have been used
to implement an array of filtering and delay operations2,19–24,
in this work we focus on bandpass filtering. Brillouin-based
bandpass filtering operations are conventionally achieved by
making use of the narrow-band optical amplification supplied
by the stimulated Brillouin scattering process25,26. While
such amplification-based filtering strategies have been used
to synthesize highly desirable response functions2,20,21, the
high levels of Brillouin gain necessary to implement these
schemes also enhance unwanted noise sources that can de-
grade the performance of the RF link24. Other filtering
schemes have demonstrated pass-band filtering by utilizing
Brillouin-induced loss on both sides of the desired pass-band,
achieving a lower noise-figure at the expense of the filter
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bandwidth, out-of-band rejection, and stop-band range24. In
many cases, the noise-figure, dynamic range, and out-of-band
rejection of such filters do not meet the increasingly stringent
requirements of numerous applications3,27.
Alternatively, Brillouin interactions can produce narrow-
band filtering without using an amplification process through
use of a recently demonstrated photonic-phononic emit-
receive (PPER) device design. Within this PPER device, the
signal is converted to an acoustic wave that transfers informa-
tion between two spatially distinct waveguides over a narrow
spectral band. The transfer function of a PPER filter is syn-
thesized by tailoring the acoustic-wave response to produce
narrowband (3 MHz) multi-pole filters with high (70 dB) out-
of-band rejection28. The spatial separation of the ‘emit’ and
‘receive’ optical waves decouples the input signal from spon-
taneous scattering, which is a fundamental noise source in
Brillouin-based devices. This yields a different design space
from other Brillouin-based RF-photonic filters, which may
prove advantageous for many practical applications. The re-
cent demonstrations of PPER were done in silicon and silicon-
nitride platforms, where suspended waveguides with micron-
scale cross sections were used to guide both optical and acous-
tic waves28–30. The forward Brillouin scattering process used
in these devices permits tailoring of the acoustic frequency
over a large range by modifying the dimensions of the acous-
tic waveguide31. A proof-of-principle RF-photonic link was
demonstrated using such PPER devices, revealing a promis-
ing RF link gain (−2 dB) and spurious-free dynamic range
(SFDR) (99 dB Hz2/3)29. In order to improve upon these re-
sults, it is necessary to identify system parameters that will
provide the greatest opportunity to achieve high performance.
In this paper, we present a systematic analysis of a
microwave-photonic filter designed around a PPER device,
and identify the key characteristics of the system that dic-
tate the link performance. Our model of the system includes
the effects of noise associated with the laser sources and op-
tical detection, as well as excess noise produced by sponta-
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2neous Brillouin scattering within the PPER device. Our anal-
ysis reveals that the spontaneous Brillouin scattering from
thermally-populated acoustic phonons is the dominant noise
source within the system over a range of operating conditions.
Nevertheless, we show that this strategy holds the potential
for high performance based on commercially available modu-
lators and detector technologies. Furthermore, with the devel-
opment of new electro-optic modulator technologies4,32 and
high power-handling capabilities17,33,34, we show how PPER
based filters with a high RF-link gain (>45 dB), a large dy-
namic range (>110 dB Hz2/3) and a low noise figure (<10
dB) are possible.
I. THEORETICAL STUDY
In what follows, we explore the properties of a narrow-band
microwave photonic filter based on a PPER device of the type
described above. Throughout this paper, we consider the op-
eration of a PPER device within a microwave-photonic link of
the type seen in the block diagram of Fig. 1(a). This system
is used to filter a wideband RF signal that enters through the
RF input port and exits at the RF output port after taking on
the spectral characteristics produced by the acoustic transfer
function of the PPER device.
We begin by describing how the input RF signal is shaped
as it is converted between the microwave, optical, and acous-
tic domains when passing through the system depicted in Fig.
1(a). The incident RF signal, seen in panel (i), is encoded
on an optical carrier produced by Laser A, panel (ii), using
an intensity modulator (IM), as shown in panel (iii). The
modulated field is injected into the emit waveguide of the de-
vice, denoted waveguide A. As the laser field traverses the
device, a portion of the signal wave is transduced as gigahertz-
frequency acoustic waves (green) over a narrow spectral band,
determined by the device geometry31,35,36, as seen in panel
(iv). A second laser field produced by Laser B, seen in panel
(v) is injected into a spatially-separated receive waveguide
(waveguide B) that is used to sense the transduced acoustic
wave. This spectrally-filtered replica of the microwave signal
is encoded on the light propagating in the receive waveguide
as pure phase modulation, illustrated in panel (vi). The phase-
modulated signal wave exiting the receive waveguide is then
passed through a demodulator (vii) that converts phase mod-
ulation into intensity modulation and is converted back to the
microwave domain at the output (viii). The resulting output
RF signal is filtered, taking on the shape of the acoustic trans-
fer function.
Next, we outline the analytical form of the signal wave as
it traverses the photonic filter, which allows us to identify key
parameters of the system. At the microwave input, the input
RF voltage with amplitude Vin and frequency Ω modulates an
optical carrier with power P(A) and optical frequency ω (A)0 .
The intensity-modulated optical field can be described by37
E(A)in (t) =
√
P(A)e−iω
(A)
0 t
(
1√
2
ei
pi
2 +
1√
2
e−ipi
Vin
Vpi sin(Ωt)
)
, (1)
where Vpi is the half-wave voltage of the modulator. This field
is then directed into waveguide A, where it drives a coherent
acoustic field through forward Brillouin scattering31, with a
displacement amplitude determined by the acoustic resonance
properties, the Brillouin coupling rate, and the input optical
power. A second optical source is directed into waveguide B
with optical power P(B) and optical frequency ω (B)0 . Propa-
gating through the device, the light is phase modulated by the
driven acoustic field, and after a distance L, at the output of
waveguide B, the field can be described by
E(B)out (t) =
√
P(B) e−i
(
ω (B)0 t−βin cos(Ωt−φ)
)
, (2)
showing a pure phase modulation of the optical tone. The
modulation index is determined by the system and device pa-
rameters, given by
βin =
Γ
2
|χ(Ω)|J1
(
pi
Vin
Vpi
)
GBP(A)L, (3)
where Γ is the acoustic dissipation rate, χ(Ω) is the frequency
response of the acoustic resonance, and J1(·) denotes a Bessel
function of first order, describing the power in the sidebands of
the intensity modulated input field. GB is the Brillouin gain, a
metric for the strength of the light-sound interaction, and L the
length of the region where the Brillouin coupling takes place.
The phase of this response is denoted φ = arg(χ), giving an
overall phase shift to the phase modulation, as seen in Eq. (2).
More details can be found in Appendix A.
While numerous schemes can be used to demodulate this
phase modulated signal37–39, for simplicity we consider the
use of an imbalanced Mach-Zehnder interferometer (MZI).
Assuming that the MZI is biased in quadrature followed by
photodiodes with responsivity η , the RF power at the link out-
put is given by
PRFout (Ω) = 2
(
ηP(B)J1
(
Γ |χ(Ω)|J1
(
pi
Vin
Vpi
)
GBP(A)Lsin(Ωτ/2)
))2
Rout|Hpd|2, (4)
where Rout is the output impedance, Hpd is the photodiode cir-
cuit efficiency37, and τ is the relative time delay between the
two arms of the MZI. A detailed derivation can be found in
Appendix B. These results can easily be modified for differ-
ent demodulation schemes, and an example of an alternative
approach using an optical notch filter is described in Appendix
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FIG. 1. a. Operation scheme of a microwave filter designed around a PPER device. The RF input (i) is used to modulate a laser tone (ii),
such that the RF information is in the optical sidebands (iii) and directed into waveguide A of the PPER. A narrow-band acoustic field (iv)
mediates the information to waveguide B, and modulates a separate optical tone (v) in the form of phase modulation (vi). The phase modulation
sidebands are demodulated (vii) and the filtered RF information is retrieved at the filter output (viii). IM: intensity modulator, DEMOD: phase
demodulation. b. Normalized frequency response of a PPER filter, for both a single and two-pole design. The two-pole filter yields a sharper
frequency roll-off, with an improvement of 28 dB out-of-band rejection 100 MHz from the pass-band center frequency. c. Magnified view of
the pass-band center shows a flat-top frequency response, closer to an ideal band-pass filter. The plots shown were calculated using the filter
parameters from Table II.
D.
The frequency response of the filter χ(Ω) is shaped by the
acoustic resonances taking part in the signal transduction,
and can be tailored through the geometry of the device
and acoustic mode engineering28,31,40. A single acous-
tic mode will result in a Lorentzian line shape, given by
χ(Ω) = [i(Ω0−Ω)+(Γ/2)]−1, determined by the acoustic
resonant frequency Ω0 and dissipation rate Γ, as detailed
in Appendix A. Such a single pole filter was recently
demonstrated, with a pass-band frequency of 4.3 GHz and
a 5 MHz linewidth29. However, the PPER design is not
limited to this single-pole frequency response. A PPER
scheme can be designed to exhibit a multi-pole frequency
response by using multiple acoustic modes in the filtering
process. For example, in the case of two identical acoustic
modes with a resonant frequency Ω0 and a coupling rate
4µ , the frequency response is given by28,40 χ(Ω)(2 pole) =
(iµ) [(i(Ω0+µ−Ω)+(Γ/2))(i(Ω0−µ−Ω)+(Γ/2))]−1 .
This multi-pole response exhibits a sharp frequency roll-off,
resulting in high out-of-band rejection, as demonstrated in
Fig. 1(b), showing 60 dB of suppression for frequencies
> 100 MHz from the filter center frequency, an improvement
of 28 dB compared to an equivalent single-pole filter. This
property is of great importance for applications such as
channelizers where different spectral bands may interfere in
the absence of high out-of-band rejection41. Furthermore,
the pass-band can be designed to have a flatter frequency
response, as shown in Fig. 1(c), when comparing to a typical
Lorentzian line-shape, yielding a closer approximation of
an ideal band-pass filter. A second-order PPER based filter
has been demonstrated, showing a 3.15 MHz pass-band,
and 70 dB rejection 100 MHz from the center frequency28.
This approach can be further extended to higher-order
filter responses, by coupling a larger number of acoustic
resonators40.
Noise sources
A PPER device utilizes the optical, acoustic and RF do-
mains to implement filtering. Hence, for a full description of
the device properties, noise sources from all the different do-
mains need to be considered. Following the standard conven-
tion in RF photonics37, we express the noise power per unit
frequency as
Nout = kBT +gkBT +2qηP(B)Rout|Hpd|2+(
ηP(B)
)2
Rout|Hpd|2
(
RIN+RINphase+RINphonons
)
. (5)
This formulation captures noise contributions from the op-
tical, microwave, and acoustic domains. The first term in Eq.
(5) is the RF thermal noise at the detector, where T denotes
the temperature and kB is the Boltzmann constant. The second
term is the thermal RF noise at the link input going through
the filter with an RF link-gain g, analyzed in the next section.
The third term is due to shot noise, where q is the electron
charge, and scales linearly with the optical power incident on
the detector. The first relative intensity noise (RIN) term ac-
counts for intensity fluctuations of the optical sources, which
are usually negligible at frequencies over a few GHz. The
next term accounts for the demodulation at the device output
turning phase fluctuations into intensity, such that phase noise
from the laser source is converted to intensity noise. Assum-
ing the phase noise has a Lorentzian spectral line-shape with
full width half maximum γ , it has been shown that detection
using a MZI will result in a noise power spectral density given
by37,42,43
RINbalphase = e
−γτ
(
2γ
γ2+Ω2
)(
cosh(γτ)− cos(Ωτ)
)
. (6)
The last term in Eq. (5) is the result of the thermal occupa-
tion of the acoustic modes taking part in the Brillouin scatter-
ing process. At non-zero temperature, thermally driven fluc-
tuations will add phase noise to the optical field in the receive
waveguide, which can also be described in terms of sponta-
neous forward-Brillouin scattering44,45. The phase demodula-
tion will convert this into intensity fluctuations, and the RIN
associated with this noise source, detailed in Appendix C, is
given by
RINbalphonons = 8
ω0
Ω0
GBLkBT sin2 (Ωτ/2)
(
Γ
2
)2
|χN(Ω)|2 ,
(7)
where T is the temperature, kB the Boltzmann constant, and
χN(Ω) the frequency spectrum of the spontaneous Brillouin
scattering. For a single acoustic mode, the spontaneous scat-
tering follows a Lorentzian lineshape45, such that |χN |2 =[
(Ω−Ω0)2+(Γ/2)2
]−1. When analyzing high-order filters,
all of the acoustic modes taking part in the filtering process
contribute to the spontaneous scattering40. In the case of two
identical acoustic modes with a coupling rate µ , this will yield
|χ (2 pole)N |2 = (1/2)([(Ω−Ω0+µ)2+(Γ/2)2]−1+[(Ω−Ω0−
µ)2 + (Γ/2)2]−1), which exhibits a modified frequency re-
sponse as a result of the two resonances, but decays as a single
pole Lorentzian away from the pass-band.
While spontaneous Brillouin scattering does occur in the
emit waveguide, it does not degrade the signal-to-noise of
the system. This is because only intensity modulated light
fields contribute to the coherent transduction of information,
while the spontaneous scattering results only in phase mod-
ulation, independent of the driving field in the emit waveg-
uide. As illustrated in Fig. 2(c), the dominant noise contri-
bution in a PPER based filter at room temperature is the ther-
mal Brillouin scattering, and this has also been demonstrated
experimentally29. This noise is centered around the center fre-
quency, and does not contribute excess noise out of band.
RF link properties
Analyzing the performance metrics of a RF-photonic link
is important for practical deployment and interfacing it with
other components in a microwave system. In order to calcu-
late useful RF link properties, we start by looking at the linear
small-signal gain of the PPER filter. We express the output RF
power in terms of the input RF power PRFin =V
2
in/(2Rin)
37, and
analyze the linear operating region of the filter by expanding
the Bessel functions in Eq. (4) to first order. This yields a lin-
ear transfer function between the input and output RF power
(g= PRFout/P
RF
in ), defined as the RF link-gain
g=RinRout|Hpd|2
(
ηP(B)
Γ
2
|χ(Ω)| pi
Vpi
GBP(A)Lsin(Ωτ/2)
)2
,
(8)
where Rin is the input impedance of the intensity modula-
tor. Eq. (8) shows how the link-gain improves quadrat-
ically with the optical powers, Brillouin gain, and device
length. We can also see that for maximum signal output, we
need the time delay of the phase-demodulation MZI to satisfy
Ω0τ/2 = pi(m+1/2).
Next, we analyze the noise floor of the RF link, assuming
the thermal phonon noise is the dominant noise source. We
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optical power in waveguide A and the intensity modulator Vpi , using the parameters detailed in Table II. The three cases detailed in Table I are
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use Eqs. (5) and (7), and calculate the noise power in a fre-
quency band BRF, much narrower relative to the filter band-
width, yielding
PbalN (Ω)= 8
(
ηP(B) sin(Ωτ/2)
)2 ω0
Ω0
×GBLkBTBRFRout|Hpd|2
(
Γ
2
)2
|χN(Ω)|2 . (9)
To assess the non-linearity of the device, we first calcu-
late the 1 dB compression point, i.e. the RF input power at
which the output power is 1 dB lower than the linear response
predicts. Setting the ratio between Eqs. (4) and (8) to 1 dB
(100.1), we can solve numerically to find the input RF power
P1dBin =
0.183
Rin
(
Vpi
Γ |χ(Ω)|GBP(A)Lsin(Ωτ/2)
)2
, (10)
and the linear dynamic range, defined as CDR1dB = gP1dBin /PN
and illustrated visually in Fig. 2(a), can be expressed as
CDR1dB = 0.226
Ω0
ω (B)0
1
kBTBRF
1
Γ2 |χ(Ω)|2GBLsin2 (Ωτ/2)
.
(11)
In this calculation we have assumed that the compression is a
result of the intensity modulator at the link input, consistent
with parameters of recently demonstrated devices. A similar
expression can be derived for the distortion resulting from the
Brillouin process in the case of high nonlinear gain.
Another important measure of the performance of an RF
filter is the third-order intercept point, denoting the power at
which the linear signal is equal to the third-order spurious
tone37, illustrated in Fig. 2(a). In the PPER system, the spu-
rious tone is a result of the intensity modulator not having a
perfectly linear response, resulting in unwanted spurious sig-
6nals. To quantify this, we assume the input RF signal is at fre-
quency Ω/3 and see the propagation of the third-order mod-
ulation through the device. In this case, Eq. (3) transforms
into β 3Ω/3in = (Γ/2) |χ(Ω)|J3 (piVin/Vpi)GBP(A)0 L, where the
Bessel function is of order three as we are now interested in
the third harmonic. Plugging into Eq. (4) and expanding the
Bessel functions to the first non-vanishing order we have
P3Ω/3out =
1
144
(
PRFin
)3
R3inRout|Hpd|2
×
(
ηP(B)
Γ
2
|χ(Ω)|
(
pi
Vpi
)3
GBP(A)Lsin(Ωτ/2)
)2
. (12)
To find the third-order intercept point, we equate Eqs. (8)
and (12), and solve for the input RF power, giving the input
intercept point (IIP3)
IIP3 = 12
V 2pi
pi2Rin
, (13)
and plugging back into Eq. (8) gives us the output intercept
point (OIP3)
OIP3 = 12
(
ηP(B)
Γ
2
|χ(Ω)|GBP(A)Lsin(Ωτ/2)
)2
Rout|Hpd|2.
(14)
We can now calculate the spurious free dynamic range, de-
scribing the range of RF power between the minimum de-
tectable signal, up to appearance of the third-order spur, and
given by SFDR3 = (OIP3/PN)
2/3. Using Eqs. (14) and (9) we
have
SFDR3 =
(
3
2
Ω0
ω (B)0
GB
(
P(A)
)2L
kBTBRF
|χ(Ω)|2
|χN(Ω)|2
)2/3
, (15)
showing higher dynamic range with higher optical power, de-
vice length and Brillouin gain. We also look at the signal to
noise ratio (SNR) for a given RF input signal with power PRFin
SNR =
1
8
PRFin
(
pi
Vpi
)2 Ω0
ω (B)0
GB
(
P(A)
)2L
kBTBRF
|χ(Ω)|2
|χN(Ω)|2
Rin, (16)
which can be improved by using a low Vpi modulator as well
as high optical power.
An important metric for an RF link is the noise figure,
quantifying the noise added by the RF link to an input sig-
nal, by analyzing the ratio of the input to output SNR, F =
SNRin/SNRout. Using the result from Eq. (16), and assuming
thermal noise at the RF input port (kBTBRF) yields
F =
8
Rin
(
Vpi
pi
)2(ω (B)0
Ω0
)
1
GB (P(A))
2L
|χN(Ω)|2
|χ(Ω)|2 . (17)
Analyzing a two-pole filter, with the frequency responses
of signal (χ (2 pole)) and the noise (χ (2 pole)N ), and using the pa-
rameters from Table II, we calculate a noise figure of 48 dB
and a spur-free dynamic range of 100 dB Hz2/3. The system
parameters chosen in our study are similar to those used in
recent experiments28,29, and the theoretical analysis is consis-
tent with experimental results. For example, using the exper-
imental parameters described in Ref.29 with no further cali-
bration, we predict the measured gain, noise-figure and spur-
free dynamic range to within a few dB. As we seek higher
performance systems of this type, it is instructive to explore a
broader parameter space to inform future generations of PPER
device design and RF links. Analyzing the design space of
the system, illustrated in Figs. 2(b) and 2(d), reveals that we
can further improve the performance of the RF link by us-
ing a low Vpi modulator and higher optical powers. Lower
Vpi corresponds to higher efficiency of the optical intensity
modulation for the same input RF voltage46. This results in
a stronger acoustic field transducing the RF signal, while not
adding noise to the link. We demonstrate the link parameter
space by comparing link-parameters in three scenarios: re-
cently demonstrated system (denoted Case I), a PPER-based
link employing a low half-wave voltage modulator (Case II),
and a link utilizing a low Vpi modulator as well as higher opti-
cal power (Case III), as detailed in Table I and shown in Fig.
2(b). For example, using 500 mW in waveguide A and a mod-
ulator withVpi = 0.2 V will result in a noise figure of 9 dB, and
dynamic range of 110 dB Hz2/3. Additional improvement to
the dynamic range can be achieved by using linearized mod-
ulators, as modulator-induced distortion is the limiting factor
for linearity in this RF link47,48.
II. DISCUSSION AND CONCLUSION
In this work, we analyzed an RF-photonic link which uti-
lizes a Brillouin-active PPER device, and show how this sys-
tem can be used to implement an RF bandpass filter. In our
analysis, we have described the output RF signal in terms of
the optical, RF and acoustic parameters of the system. The
fact that the RF link can be tailored through optical power,
material properties, device geometry, as well the intensity
modulator and photo-diode parameters, enables design flex-
ibility and lends itself to multiple practical system schemes.
The PPER device in the heart of this RF-photonic link pro-
vides the acousto-optic interaction that enables the RF-link
to achieve narrow-band filtering, and directly affects the link
performance. For example, designing PPER devices with a
lower acoustic dissipation rate can yield sub-MHz filter line-
shapes. Further improvements to the link performance can
be achieved through mode-engineering of the optical waveg-
uides, resulting in stronger Brillouin-gain, as well as design-
ing devices which can support higher optical power.
The ability to design a multi-pole frequency response us-
ing a PPER device, yielding out-of-band rejection of 70 dB28,
is unique compared to other Brillouin-based RF-filtering
schemes. Additionally, an all-optical filter with a similar fre-
quency response is challenging to realize. An equivalent fil-
ter using two coupled ring-resonators would require each res-
onator to have a Q-factor on the order of 108, with precise con-
trol over the coupling rates between the rings and to the bus
waveguides49. Moreover, the lasers used in such a filtering
7Parameter Case I Case II Case III Description
G (dB) 7.8 32.7 46.9 RF link gain (Pout/Pin)
OIP3 (dBm) 32.6 32.6 46.8 Output intercept point
SFDR3
(
dB Hz2/3
)
100.4 100.4 112.4 Spur-free dynamic range (OIP3/PN)
2/3
P1dBout (dBm) 15 15 10.3 1 dB compression point
CDR1dB (dB Hz) 133 133 132 Linear dynamic range
(
P1dBout /PN
)
NF (dB) 48.2 23.3 9.3 Noise figure (SNRin/SNRout)
SNR (dB Hz) 135.8 160.7 174.6 Signal to noise ratio (Pout/PN)
TABLE I. Calculated RF link properties of a two-pole PPER filter, assuming demodulation using a MZI and using the parameters from Table
II. Case I: Vpi = 3.5 V, P(A) = 100 mW, Case II: Vpi = 0.2 V, P(A) = 100 mW, Case III: Vpi = 0.2 V, P(A) = 500 mW.
Parameter Value Description
P(A) 100 mW Optical power in waveguide A
P(B) 100 mW Optical power in waveguide B
λ (B) 1550 nm Optical wavelength
Ω0 2pi ·5 GHz Acoustic resonant frequency
Q 1000 Acoustic Q factor
µ 2pi ·2 MHz Acoustic coupling between phonons a
L 30 mm Length
GB 1000 (Wm)−1 Brillouin gain
PRFin 10 dBm Input RF power
Vpi 3.5 V Intensity modulator half-wave voltage
η 0.75 A/W Photodiode responsivity
Rin 50 Ω Input impedance
Rout 50 Ω Output impedance
Hpd 0.5 Photodiode response
τ 100 psec MZI time delay
BRF 1 Hz RF bandwidth
T 290 K Temperature
γ 2pi ·5 kHz Laser linewidth
a Applies only to multi-pole filters.
TABLE II. Parameters used in the RF link analysis.
scheme would need to be frequency-stabilized relative to the
resonances used for the filtering operation. Since the PPER
scheme does not rely on optical resonances, it does not have
these limitations, with the benefit of being optically transpar-
ent over large bandwidths28.
Analyzing the noise sources of a PPER-based RF link, we
have seen that the dominant noise is the result of thermally ex-
cited phonons, when operating at room temperature. Hence,
limiting the thermal occupation of the acoustic modes by
working in cryogenic temperatures or using higher frequency
acoustic modes, will improve system performance. The sepa-
ration of the emit and receive waveguides gives the flexibility
of enhancing the link gain without adding noise to the link, re-
sulting in a lower noise figure and larger dynamic range. This
can be achieved by tailoring the properties of the emit waveg-
uide, increasing the Brillouin coupling rate, launching higher
optical power, or increasing the interaction length by design-
ing longer devices or utilizing resonant structures50. The Bril-
louin noise can be further reduced by decreasing the operat-
ing temperature of the device, or by laser cooling of the me-
chanical modes taking part in the Brillouin process51, which
may enable operation in a regime where the spontaneous Bril-
louin scattering is no longer the dominant noise source. Fur-
thermore, the separation of optical tones to spatially sepa-
rated waveguides reduces the effects of optical non-linearity
such as four-wave mixing, which can be detrimental to filter
performance. This also reduces the effect of spurious opti-
cal tones such as from unwanted reflections, degrading filter
response25, and avoids the use of circulators which may be
challenging to integrate on chip.
Since the dynamic range of this system is limited by
distortion originating from the electro-optic modulator re-
sponse, significant enhancement of the spur-free dynamic
range can be possible with the availability of linearized inten-
sity modulators47,48, possibly yielding SFDR3 > 135 dB. An
important parameter for low noise figure is a low half-wave
voltage of the intensity modulator at the RF link input. Using
newly developed low Vpi modulators4,32 in conjunction with
higher optical powers, a noise figure of < 10 dB becomes fea-
sible. Alternatively, through use of a RF low-noise amplifier
(LNA) to amplify the microwave signals entering the intensity
modulator, this PPER filter system can yield an overall lower
noise figure. For example, cascading analysis using an LNA
with 30 dB of RF gain and a noise figure of 1.5 dB yields a
total RF gain of 46 dB and a noise figure of 9 dB, assuming
400 mW of optical power in the emit waveguide. The LNA in
this scheme adds gain to the link without drastically changing
the noise properties, resulting in a lower noise figure52, and
is common in the front-end design of RF receivers. However,
the high gain may lead to a reduction in the dynamic range46,
which should be considered when designing the RF link. Ad-
ditionally, biasing the intensity modulator shifted from the
quadrature point can also reduce the noise figure, assuming
the optical power does not change53.
This new type of RF-photonic link offers a variety of strate-
gies for trimming and tuning of the bandpass frequency, and
can be used in multiple frequency multiplexing schemes. The
resonant frequency of the PPER can be tuned through the ge-
ometry of the device, as it sets the boundary conditions for the
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FIG. 3. a. An RF signal is modulated on an optical carrier (blue) and
combined with a second optical tone (purple). By tuning the optical
wavelength, the filter passband is shifted, as the acoustic resonance
(green) overlaps with different spectral bands of the modulated RF
information. b. Cascading multiple filters in series allows to filter
different frequency bands simultaneously, without the need to split
the signal and with no signal degradation. c. Cascading multiple
PPER devices with different resonant frequencies can be used as an
on-chip sensor. A swept source allows spatial resolution of the dif-
ferent segments, enabling distributed sensing on chip.
acoustic modes taking part in the signal transduction31. Fur-
ther, by implementing different modulation schemes at the fil-
ter input, the filter bandpass frequency can be tuned optically,
as illustrated in Fig. 3(a). In this scenario, the RF information
is modulated on an optical carrier (optical frequency ω (A)0 ) us-
ing a phase modulator, and a separate optical tone at optical
frequency ωLO is used as an optical local oscillator (LO) to
drive the acoustic field and transduce the information onto the
light in the receive waveguide. As shown in the illustration in
Fig. 3(a), the acoustic field will be effectively driven at a fre-
quency spaced by the Brillouin frequency (Ω0) from the LO,
which in the RF domain corresponds to a pass-band around
Ωfilt = ωLO −ω (A)0 −Ω0. By tuning the wavelength of the
optical tones in the emit waveguide, the acoustic resonance
will overlap with different spectral components of the opti-
cal sideband and filter a different spectral band. As there are
no optical resonances in the device, the optical tuning of the
RF filter passband can be varied over a large spectral range54,
while maintaining a few MHz pass-band. The phase modula-
tion induced by the acoustic field on the receive optical tone
in waveguide B will remain around the Brillouin frequency
regardless of the selected pass-band frequency, such that the
demodulation and detection scheme at the link output remains
unchanged from that of the static filter case. However, by uti-
lizing different demodulation schemes at the device output,
such as using the optical local oscillator to perform hetero-
dyne detection, the RF output signal from the filter can be
at same frequency as the input signal. Furthermore, the emit
and receive waveguides can operate at different wavelengths,
effectively frequency shifting the optical carrier when infor-
mation is transduced in the device.
Another intriguing property of the PPER RF-filtering
scheme is the ability to cascade multiple filters in series with-
out degrading the RF signal modulated on the optical field.
The phonon field generated in the device phase-modulates the
emit optical field as it propagates in waveguide A, but does not
affect the intensity modulation that encodes the input RF sig-
nal, as discussed in Appendix A. Hence, the field coming out
of waveguide A has an identical intensity modulation profile
as the input field and will drive another PPER filter cascaded
in the system exactly in the same manner40. This is in contrast
with a conventional RF filter array in which out-of-band spec-
tral components are attenuated, leading to the need of splitting
and amplifying the RF signal, resulting in lower signal power,
degrading the SNR of the link, and adding to the complexity of
the system. The ability to cascade multiple PPER filters in se-
ries can be of great practical use in applications such as spec-
tral awareness and channelization41,55, where multiple bands
of the RF spectrum are monitored simultaneously, as well as
filter banks used frequently in communication systems. The
scheme illustrated in Fig. 3(b) allows us to filter out multiple
spectral bands simultaneously using a single intensity modu-
lator at the link input, and a separate receive signal-path for
each spectral channel. This can be achieved by using a sep-
arate laser source for each filtered channel, as illustrated in
Fig. 3(b). Alternatively, a single laser can be used, propa-
gating through the receive waveguide of all filters and split at
the output of each segment for detection. For example, by us-
ing millimeter-scale PPER segments, each filtering a 5 MHz
spectral region, 1000 filters can be cascaded, with an overall
length of a few centimeters. The low optical loss that has been
demonstrated in PPER devices29, as well as the geometrically-
tunable Brillouin frequency31 enables this scheme to span a 5
GHz spectral range on a single chip. Additionally, since the
dominant noise source is from spontaneous Brillouin scatter-
ing, it is centered around the center frequency of each filter,
and does not add out-of-band noise, as is shown in Fig. 2(c),
important for a cascaded filter-bank scheme.
An alternative cascading scheme is illustrated in Fig. 3(c).
9In this scenario, a single optical receive tone propagates
through multiple cascaded PPER segments, while an RF sig-
nal generator performs a frequency sweep through the range
of acoustic frequencies. By designing the geometry of each
PPER segment to have a different resonant frequency, the
swept RF source at the input will result in multiple peaks
measured on an RF spectrum analyzer, corresponding to the
different segments. The high-Q acoustic resonances, com-
bined with the high SNR of the PPER scheme, make this
an ideal candidate for on-chip sensing applications. Bril-
louin scattering is widely used in fiber-optic sensors, as ex-
ternal perturbations such as strain and temperature result in a
measurable change of the acoustic resonance56,57. More re-
cently, chip-scale devices implementing Brillouin scattering
have been demonstrated for sensing58. Furthermore, utilizing
forward-Brillouin scattering as the opto-mechanical coupling
process enables interrogation of the device surface, as the
transverse acoustic waves are set by the boundary conditions
of the acoustic waveguide59. This approach can be expanded
to chip-scale devices, in which the device surface can be acti-
vated to bond to different chemical compounds60,61, and sen-
sitive to nanometer-scale geometrical perturbations8,30. This
enables the design of distributed sensors with micro-meter
spatial resolution, and a sensitivity to perturbations, propor-
tional to the inverse of the Q-factor62, of atomic-scale. Since
the thermally-generated noise from each segment is centered
around its resonant frequency, there is no added noise between
the different cascaded sensing segments.
While these recent demonstrations of single- and multi-pole
devices were implemented in suspended silicon waveguides,
the PPER concept can be realized in other systems where
distinct optical fields are coupled to mutual acoustic reso-
nances. Potential systems include multi-core fiber63, as well
as systems where optical fields are guided in different spatial
modes64, or are separated in wavelength31. The modularity
of the PPER system and the large design space enable numer-
ous applications, ranging from high performance RF photonic
filters to high resolution channelizers and distributed sensors.
With the advances of chip-integrated light sources, modula-
tors and detectors, complex integrated RF-photonic systems
can be feasibly engineered using the PPER scheme.
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Appendix A: Output field derivation
We analyze the case where the input into waveguide A is
an optical carrier at frequency ω (A)0 intensity modulated at fre-
quency Ω by an RF signal with amplitude Vin. The field from
a Mach-Zehnder intensity modulator (MZM) with a half-wave
voltage Vpi biased at quadrature can be described by37
E(A)in (t)=
√
P(A)e−iω
(A)
0 t
×
(
i√
2
+
1√
2
exp
[
−i
(
pi
Vin
Vpi
)
sin(Ωt)
])
, (A1)
or alternatively, using the Jacobi-Anger expansion can be ex-
pressed as
E(A)in (t) =
√
P(A)e−iω
(A)
0 t
(
i√
2
+
1√
2∑n
Jn
(
pi
Vin
Vpi
)
e−inΩt
)
.
(A2)
Since the field is comprised of an array of optical tones
spaced apart by frequency Ω, we write the amplitude of each
tone as a(A)n (z) and a
(B)
n (z), oscillating with frequency ω (A)0 +
nΩ and ω (B)0 + nΩ for waveguides A and B respectively, and
normalized using Eout(t) =
√
h¯ω0v∑n ane
−i(ω0+nΩ)t , such
that the optical power is given by P(A) = 〈|Eout|2〉45. The
intensity-modulated field at the input of waveguide A, (Eq.
(A2)) can be expressed in terms of the field amplitudes
a(A)n (0) =
a
(A)
0
[
i√
2
+ 1√
2
J0
(
pi VinVpi
)]
n= 0
a(A)0
1√
2
Jn
(
pi VinVpi
)
n 6= 0,
(A3)
and assuming a CW input into waveguide B, we have
a(B)n (0) = 0 ∀ n 6= 0. (A4)
The equations of motion of the optical and acoustic field
amplitudes propagating through a PPER device can by de-
scribed by40,65
∂a(A)n
∂ z
=− i
v
(
gba(A)n−1+g
∗b†a(A)n+1
)
, (A5)
∂a(B)n
∂ z
=− i
v
(
gba(B)n−1+g
∗b†a(B)n+1
)
, (A6)
b=−i
(
1
i(Ω0−Ω)+Γ/2
)
×∑
n
g∗
(
a†
(A)
n a
(A)
n+1+a
†(B)
n a
(B)
n+1
)∣∣∣∣
z=0
, (A7)
where b describes the acoustic field with a resonant frequency
Ω0 and dissipation rate Γ, and v is the optical group velocity
assumed equal in both waveguides A and B, and constant over
the bandwidth in which optical scattering occurs. We neglect
optical loss in the waveguides, and the fluctuations associated
with the loss of the acoustic mode will be treated in Section
C.
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waveguide B. In each waveguide, the pump tone is denoted in black,
Stokes (red-shifted) tones in red, and anti-Stokes (blue-shifted) tones
are shown in blue.
Plugging in the initial conditions from Eqs. (A3) and (A4)
into Eq. (A7) gives us the phonon field
b=−
(
1
i(Ω0−Ω)+Γ/2
)
g∗
∣∣∣a(A)0 ∣∣∣2 J1(piVinVpi
)
, (A8)
and plugging this expression back into Eqs. (A5) and (A6)
yields
∂an
∂ z
=
i
v
|χ| |g|2
∣∣∣a(A)0 ∣∣∣2 J1(piVinVpi
)(
an−1eiφ +an+1e−iφ
)
,
(A9)
for each of the waveguides A and B, where χ =
[i(Ω0−Ω)+Γ/2]−1, and φ = arg(χ). In terms of Brillouin
gain and optical power we can express this as
∂an
∂ z
= i
Γ
4
|χ|GBP(A)J1
(
pi
Vin
Vpi
)(
an−1eiφ +an+1e−iφ
)
,
(A10)
where the Brillouin gain corresponds to small-signal amplifi-
cation such that ∂zPsig(z) = GBPpPsig(z). The gain has units
of (Power×Length)−1, and can be expressed in terms of the
coupling rate as GB = 4 |g|2 /
(
h¯ωv2Γ
)
45.
The recurrence relation obtained in Eq. (A10)
is consistent with a modified Bessel function fol-
lowing I′n = 12 (In−1+ In+1), such that the opti-
cal fields can be written as a linear combination
an(z) = eiφn∑m cn,mIm
(
i(Γ/2) |χ|GBP(A)J1 (piVin/Vpi)z
)
.
We can find the coefficients cn,m by using the identity
Im(0) = δm,0, such that cn,m = an−m(0)e−iφ(n−m), and by
using the relation Im(x) = i−mJm(ix) we have
an(z) =∑
m
an+m(0)imJm (βin)e−iφm, (A11)
for both waveguides A and B, where βin =
(Γ/2) |χ|GBP(A)J1 (piVin/Vpi)z. We can now plug in the
initial conditions from Eq. (A4) to calculate the field in
waveguide B
a(B)n (z) = a
(B)
0 (0)i
−nJ−n (βin)eiφn. (A12)
The power of the different optical tones in the two waveguides
as a function of βin, following Eq. (A11) and the initial con-
ditions for each waveguide is shown in Fig. 4.
Summing all the mode amplitudes in waveguide B
yields E(B)out (t) =
√
h¯ω (B)0 v∑n a
(B)
n e
−i
(
ω (B)0 +nΩ
)
t , and using
the Jacobi-Anger expansion, ∑n inJn(z)eixn = eizcosx, we can
rewrite the field in waveguide B as
E(B)out (t) =
√
P(B) e−iω
(B)
0 t exp [i βin cos(Ωt−φ)] , (A13)
revealing the phase modulation that the tone in waveguide B
experiences as it propagates through the device, discussed fur-
ther in Ref.40.
We can also analyze the field coming out of waveguide A
by plugging in the input mode amplitudes from Eq. (A3) into
Eq. (A11), giving us
a(A)n (z) =a
(A)
0 ∑
m
imJm (βin)e−iφm
×
[
1√
2
Jn+m
(
pi
Vin
Vpi
)
+
i√
2
δn+m,0
]
. (A14)
Summing all the mode amplitudes, E(A)out (t) =√
h¯ω (A)0 v∑n a
(A)
n e
−i
(
ω (A)0 +nΩ
)
t , and using a similar derivation
to the one we had for waveguide B, we arrive at
E(A)out (t)=
√
P(A) e−iω
(A)
0 t exp [i βin cos(Ωt−φ)]
×∑
n
e−inΩt
[
1√
2
Jn
(
pi
Vin
Vpi
)
+
i√
2
δn,0
]
, (A15)
and by using Eq. (A2), this can also be written as
E(A)out (t) = E
(A)
in (t) exp [i βin cos(Ωt−φ)] , (A16)
showing that the input undergoes pure phase-modulation.
Calculating the beat-note at frequency Ω reveals that it
is unchanged as the field propagates in waveguide A, i.e.
∑n a
(A)
n
†
(z) a(A)n+1(z) = |a(A)0 |2J1(piVin/Vpi).
Appendix B: Balanced-detection demodulation
The information in the form of phase modulation of the
light at the output of waveguide B needs to be demodulated
back into the RF domain. We assume a phase demodula-
tor consisting of a Mach-Zehnder interferometer (MZI), illus-
trated schematically in Fig. 5(a), composed of a 50 : 50 direc-
tional coupler, a time delay on one of the two interferometer
arms, and another 50 : 50 coupler. This can be described in
terms of matrix operations on the input field amplitudes37(
E1(t)
E2(t)
)
=
1
2
(
1 i
i 1
)(
Γˆ(τ) 0
0 1
)(
1 i
i 1
)(
Eout(t)
0
)
, (B1)
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FIG. 5. a. An unbalanced MZI splits the input field, and adds a phase
shift corresponding to a time delay τ to one of the two arms. The two
interferometer arms are then combined using another coupler and de-
tected using two photodiodes. The current of the two diodes is sub-
tracted from each other for balanced detection. b. A different phase
demodulation scheme, using a narrow-band notch filter to eliminate
one of the optical sidebands.
where we assume ideal lossless couplers, and Γˆ(τ) is a time
delay operator such that Γˆ(τ)E(t) = E(t − τ). The input to
the MZI is the field from the output of waveguide B, denoted
Eout(t). This yields the fields at the output of the MZI
E1 =
1
2
(
Eout(t− τ)−Eout(t)
)
,
E2 =
i
2
(
Eout(t− τ)+Eout(t)
)
,
(B2)
which are each directed at a detector, as illustrated in Fig.
5(a). The photo-current generated in each of the photo-
diodes I(t) = η |E(t)|2 is subtracted, such that Ibal(t) =
η
(|E2(t)|2−|E1(t)|2), assuming the two detectors have equal
responsivities η . Plugging in Eq. (B2) gives us
Ibal(t)=
1
2
η
(
E∗out(t− τ)Eout(t)+Eout(t− τ)E∗out(t)
)
= η ℜ
(
E∗out(t− τ)Eout(t)
)
, (B3)
and plugging in the output field from the device, obtained in
Eq. (A13), yields
Ibal(t) =ηP(B)ℜ
(
e−iω0τ
×exp
[
i βin
(
cos(Ωt−φ)− cos(Ω(t− τ)−φ)
)])
,
(B4)
where we are using the notation βin =
(Γ/2)|χ|J1(piVin/Vpi)GBP(A)L. Using trigonometric and
Bessel function properties, this can be rewritten as
Ibal(t) =ηP(B)ℜ
(
e−iω0τ
×∑
n
Jn
(
2βin sin(Ωτ/2)
)
e−in(Ωt−Ωτ/2−φ)
)
.(B5)
We can isolate the term oscillating at frequency Ω by keep-
ing only the n = ±1 terms in the sum and using the Bessel
function property J1(x) =−J−1(x), giving us
IΩbal(t) = ηP
(B)J1
(
2βin sin(Ωτ/2)
)
×
(
cos(Ωt−Ωτ/2−φ +ω0τ)
−cos(Ωt−Ωτ/2−φ −ω0τ)
)
, (B6)
which can also be expressed as
IΩbal(t) =−2ηP(B)J1
(
2βin sin(Ωτ/2)
)
×sin(Ωt−Ωτ/2−φ)sin(ω0τ). (B7)
We will assume the MZI is operating at quadrature, such that
ω0τ = pi(m+ 1/2) for an integer m. The RF power at fre-
quency Ω is now given by
PRFout (Ω) =2Rout|Hpd|2
×
(
ηP(B)J1
(
2βin sin(Ωτ/2)
))2
, (B8)
where we have used PRFout = 〈I2Ω〉Rout|Hpd|2, and Rout, Hpd de-
note the output impedance and the photodiode circuit effi-
ciency, respectively37. Assuming the input intensity mod-
ulation is in the small-signal regime, we can linearize the
Bessel function J1 (piVin/Vpi) ≈ piVin/(2Vpi), such that βin ≈
(Γ/4) |χ|(piVin/Vpi)GBP(A)L, yielding
PRFout (Ω) = 2Rout|Hpd|2
×
(
ηP(B)J1
(
Γ
2
|χ| piVin
Vpi
GBP(A)Lsin(Ωτ/2)
))2
. (B9)
Appendix C: Balanced-detection thermal-phonon noise
When an optical tone propagates through a Brillouin-active
region, the thermally occupied phonon population results in
light scattering to sidebands spaced Ω0 around the optical fre-
quency ω045. Assuming a single tone input into the waveg-
uide, the optical field at the output can be described by
Eout(t) =
√
h¯ω0v
×
(
a−1e−i(ω0−Ω0)t +a0e−iω0t +a1e−i(ω0+Ω0)t
)
,(C1)
where the amplitudes a−1 and a1 are the sidebands generated
by the spontaneous scattering, given by45,66,67
a−1(z,τ) =−i g
∗
v
a0
∫ τ
0
dτ ′
∫ z
0
dz′η†(z′,τ ′)e−
Γ
2 (τ−τ ′),
a1(z,τ) =−i gv a0
∫ τ
0
dτ ′
∫ z
0
dz′η(z′,τ ′)e−
Γ
2 (τ−τ ′),
(C2)
where η(z, t) is the Langevin force corresponding to
the phonon dissipation, such that 〈η(z, t)〉 = 0 and
〈η†(z, t)η(z′, t ′)〉 = n¯thΓδ (z− z′)δ (t − t ′), where n¯th is the
mean thermal phonon occupation number. At room temper-
ature, when n¯th 1, this thermal occupation can be approxi-
mated using n¯th ≈ (kBT )/(h¯Ω0).
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For the MZI balanced-detection scheme described earlier,
we can calculate the photo-current by plugging Eqs. (C1)
and (C2) into Eq. (B3). The noise power spectral density
can then be calculated using the Wiener-Khinchin theorem,
SRFN (Ω) = Rout|Hpd|2
∫
dt ′e−iΩt ′〈IN(t + t ′)IN(t)〉, and keeping
terms oscillating around frequency Ω0 yields
SNRFbal(Ω) = 4η
2 ω0
Ω0
GBP2LkBTRout|Hpd|2
[
sin2 (Ωτ/2)
(
(Γ/2)2
(Γ/2)2+(Ω−Ω0)2 +
(Γ/2)2
(Γ/2)2+(Ω+Ω0)2
)
− Ω0Γe
−(Γ/2)τ ((Γ/2)2−Ω2+Ω20)sin(Ω0τ)
[(Γ/2)2+(Ω−Ω0)2] [(Γ/2)2+(Ω+Ω0)2]
]
,
(C3)
where we have assumed the MZI is operating at quadrature,
such that e−2iω0τ =−1.
We now set the time delay for maximum transmission on
resonance, such that Ω0τ/2 = pi(m+1/2), yielding
SNRFbal(Ω) = 4η
2 ω0
Ω0
GBP2LkBTRout|Hpd|2 sin2 (Ωτ/2)
×
[
(Γ/2)2
(Γ/2)2+(Ω−Ω0)2 +
(Γ/2)2
(Γ/2)2+(Ω+Ω0)2
]
. (C4)
For a narrow RF bandwidth BRF centered around Ω, the
integrated power will be
PNbal = 8η2
ω0
Ω0
GBP2LkBTBRFRout|Hpd|2 sin2 (Ωτ/2)
× (Γ/2)
2
(Γ/2)2+(Ω−Ω0)2 , (C5)
where BRF is in units of Hz, and we have re-written the power
as a single-sideband spectrum.
Appendix D: Sideband filtering demodulation
We describe another demodulation scheme, where the first
sideband of the phase modulated output at frequency ω (B)0 −Ω
is optically filtered to turn the phase fluctuations into an in-
tensity signal that can be detected using a single photode-
tector. This scheme was implemented in Ref.29 and is il-
lustrated in Fig. 5(b). The output field is now given by
E(B)out (t) =
√
h¯ω (B)0 v∑n6=−1 a
(B)
n e
−i
(
ω (B)0 +nΩ
)
t , and directing the
output light to a photodiode will result in a photo-current
I = η |E(B)out (t)|2 where η is the responsivity of the photodiode.
Plugging in Eq. (A13) and keeping terms oscillating around
frequency Ω yields
IΩ = 2ηP(B)cos(Ωt+pi/2−φ)
× [J0 (βin)J1 (βin)− J1 (βin)J2 (βin)] . (D1)
The RF output average power at frequency Ω, given by
PRFout = 〈I2Ω〉Rout|Hpd|2 where again Hpd is the photodiode cir-
cuit efficiency and Rout the output impedance37, is now
PRFout (Ω) = 2Rout|Hpd|2
×
(
ηP(B) [J0 (βin)J1 (βin)− J1 (βin)J2 (βin)]
)2
. (D2)
Assuming the input intensity modulator is in the small-
signal linear regime, we can linearize the Bessel function in
βin to first order βin ≈ (Γ/4) |χ|(piVin/Vpi)GBP(A)L, and drop
the second-order Bessel function, yielding
PRFout (Ω) = 2
(
ηP(B)J0
(
Γ
2
|χ| pi
2
Vin
Vpi
GBP(A)L
)
J1
(
Γ
2
|χ| pi
2
Vin
Vpi
GBP(A)L
))2
Rout|Hpd|2. (D3)
Sideband filtering demodulation thermal-phonon noise
After filtering out one of the sidebands in the demodulation
process, the field describing the spontaneous scattered light
(Eq. C1) has only one sideband
Eout(t) =
√
h¯ω0v
(
a0e−iω0t +a1e−i(ω0+Ω0)t
)
. (D4)
Calculating the photocurrent generated by this spontaneous
scattering IN(t) = η |Eout(t)|2 gives us
IN(t) = η h¯ω0v
(
|a0|2+ |a1|2+2ℜ
(
a†0a1
)
cos(Ω0t)
)
. (D5)
Keeping terms oscillating around Ω0 and calculating the
13
spectral density using the Wiener-Khinchin theorem results in
SRFN (Ω) = η
2 ω0
Ω0
GBP2LkBTRout|Hpd|2
×
[
(Γ/2)2
(Γ/2)2+(Ω−Ω0)2 +
(Γ/2)2
(Γ/2)2+(Ω+Ω0)2
]
, (D6)
and integrating a narrow bandwidth BRF around frequency Ω,
the single-sideband power spectral density is
PN(Ω) = 2η2
ω0
Ω0
GBP2LkBTBRFRout|Hpd|2
× (Γ/2)
2
(Γ/2)2+(Ω−Ω0)2 . (D7)
In terms of RIN37, this can be expressed as
RINphonons = 2
ω0
Ω0
GBLkBT
(Γ/2)2
(Γ/2)2+(Ω−Ω0)2 , (D8)
which is four times lower than the balanced detection result
shown earlier in Eq. 7.
The filtering of the optical sideband turns the phase fluctu-
ations into intensity, resulting in the laser phase noise being
converted into intensity noise, with a RIN given by
RINphase =
2
pi
∫ B/2
−B/2
dΩ′
(
γ
(γ/2)2+(Ω′)2
)(
γ
(γ/2)2+(Ω′−Ω)2
)
,
(D9)
where B is the bandwidth of the optical filter used to reject one
of the sidebands, and γ is the laser linewidth resulting from its
phase fluctuations. As with the MZI demodulation case, using
typical values, the thermal phonon scattering contribution is
still the dominant noise source29.
Sideband filtering demodulation RF-link properties
In the small-signal limit we can expand the Bessel functions
to first order, J0(x)≈ 1, J1(x)≈ x/2. Writing in terms of input
RF average power37 PRFin =V
2
in/(2Rin), where Rin is the input
impedance, yields
PRFout (Ω) =
1
4
PRFin
(
ηP(B)
Γ
2
|χ| pi
Vpi
GBP(A)L
)2
RinRout|Hpd|2.
(D10)
We observe that the RF link gain g= PRFout/P
RF
in is four times
smaller than obtained by the interferometric demodulation ap-
proach described in the previous sections, shown in Eq. (8).
This is consistent with the calculation in the previous section,
also showing a four-fold reduction in the noise power, result-
ing in the same signal-to-noise ratio for both demodulation
schemes.
Next, we calculate the 1 dB compression point, i.e. the
input RF power at which the output is 1 dB lower than the
linearized response. Setting the ratio between Eqs. (D3) and
(D10) to 1 dB, we solve numerically to find the input power
where the output is compressed by 1 dB, yielding
P1dBin =
0.245
Rin
(
Vpi
Γ |χ|GBP(A)L
)2
. (D11)
We now calculate the third-order intercept point37. We as-
sume the input RF signal is at frequency Ω0/3 and see the
propagation of the third-order modulation through the device.
In this case we have β 3Ω/3in = (Γ/2) |χ|J3 (piVin/Vpi)GBP(A)0 L,
and plugging into Eq. (D2), expanding the Bessel functions to
first order yields
P3Ω/3out =
1
2
(
ηP(B)
Γ
2
|χ|J3
(
pi
Vin
Vpi
)
GBP(A)L
)2
Rout|Hpd|2.
(D12)
Expanding J3 (piVin/Vpi) to the first non-vanishing order,
J3(x)≈ x3/48, leaves us with
P3Ω/3out =
1
576
R3inRout|Hpd|2
×(PRFin )3(ηP(B)Γ2 |χ|
(
pi
Vpi
)3
GBP(A)L
)2
. (D13)
To find the third-order intercept point, we equate Eqs.
(D10) and (D13), and solve for the input RF power, giving
the input intercept point (IIP3)
IIP3 = 12
V 2pi
pi2Rin
, (D14)
and plugging back into Eq. (D10) gives us the output intercept
point (OIP3)
OIP3 = 3
(
ηP(B)
Γ
2
|χ|GBP(A)L
)2
Rout|Hpd|2. (D15)
As we have shown, the signal and the noise both change by
the same factor using the alternate demodulation scheme, and
the noise figure and spur-free dynamic range will not change.
However, different demodulation schemes may have differ-
ent signal compression, yielding a difference in the linear dy-
namic range.
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